Transforming growth factor-b (TGF-b) signaling regulates many diverse cellular activities through both canonical (SMAD-dependent) and non-canonical branches, which includes the mitogen-activated protein kinase (MAPK), Rho-like guanosine triphosphatase and phosphatidylinositol-3-kinase/AKT pathways. Here, we demonstrate that miR-335 directly targets and downregulates genes in the TGF-b non-canonical pathways, including the Rho-associated coiled-coil containing protein (ROCK1) and MAPK1, resulting in reduced phosphorylation of downstream pathway members. Specifically, inhibition of ROCK1 and MAPK1 reduces phosphorylation levels of the motor protein myosin light chain (MLC) leading to a significant inhibition of the invasive and migratory potential of neuroblastoma cells. Additionally, miR-335 targets the leucine-rich alpha-2-glycoprotein 1 (LRG1) messenger RNA, which similarly results in a significant reduction in the phosphorylation status of MLC and a decrease in neuroblastoma cell migration and invasion. Thus, we link LRG1 to the migratory machinery of the cell, altering its activity presumably by exerting its effect within the non-canonical TGF-b pathway. Moreover, we demonstrate that the MYCN transcription factor, whose coding sequence is highly amplified in a particularly clinically aggressive neuroblastoma tumor subtype, directly binds to a region immediately upstream of the miR-335 transcriptional start site, resulting in transcriptional repression. We conclude that MYCN contributes to neuroblastoma cell migration and invasion, by directly downregulating miR-335, resulting in the upregulation of the TGF-b signaling pathway members ROCK1, MAPK1 and putative member LRG1, which positively promote this process. Our results provide novel insight into the direct regulation of TGF-b non-canonical signaling by miR-335, which in turn is downregulated by MYCN.
Introduction
Neuroblastoma is a highly enigmatic childhood cancer arising from precursor cells of the sympathetic nervous system with highly heterogeneous clinical behavior. Tumors in children under the age of 18 months are often successfully eliminated and will even sometimes spontaneously regress, whereas tumors in older children often become refractory to treatment (1) . Metastasis is the overwhelming cause of mortality among neuroblastoma patients (2) . Neuroblastoma is a cancer that primarily metastasizes to bone marrow and the survival rate of children with bone marrow metastasis is only $40% (3). Neuroblastoma is characterized by multiple recurrent genomic abnormalities (4) , including amplification of the gene encoding the MYCN transcription factor, which is highly predictive of poor clinical outcome and metastatic disease (5) . As a transcription factor, MYCN binds to the promoter regions of large numbers of genes and non-coding RNA sequences, modifying their transcriptional activation status (6) (7) (8) (9) .
The transforming growth factor-b (TGF-b) signaling pathway plays a pivotal and somewhat enigmatic role in the development and progression of cancer, acting both as a tumor suppressor and as a positive driver of cancer progression in later stages of various diseases, including breast, prostate and colon cancer (10, 11) . Initially, it was determined that TGF-b signaling transpires through TGF-b ligand binding to a type II receptor, which recruits and phosphorylates a type I receptor. The type I receptor then phosphorylates and activates SMAD transcription factors which subsequently translocate to the nucleus, thus regulating the transcription of specific genes. However, TGF-b is now understood to be considerably more intricate, with TGF-b receptors being able to activate additional signaling pathways, including the mitogen-activated protein kinase (MAPK), Rho-like guanosine triphosphatase and phosphatidylinositol-3-kinase (PI3K)/ AKT pathways. These SMAD-independent non-canonical signaling pathways help to explain the diversity of phenotypic responses to TGF-b signaling (12) . Ectopic overexpression of TGF-b in neuroblastoma cell lines inhibits cell proliferation (13) and overexpression of TGF-b type II receptor in LAN5 neuroblastoma cells suppresses their tumor-forming ability and induces differentiation (14) .
Available evidence indicates that some genes forming part of the TGF-b signaling pathways are regulated by microRNAs (miRNA), which are short 19-22 nt RNA sequences that inhibit gene expression at a post-transcriptional level by targeting regions of sequence complementarity on the 3#untranslated regions (UTRs) of specific messenger RNAs (mRNAs) (15) . MiRNAs can either cause degradation of mRNAs or can inhibit their translation and play major roles in normal growth and development. MiRNA dysregulation has oncogenic or tumor-suppressive functions in virtually all forms of cancer, including neuroblastoma (16, 17) . MiRNAs with neuroblastoma tumor-suppressive functions include proapoptotic miR-34a and miR-184 (18) (19) (20) (21) (22) (23) , anti-invasive miR-542-5p (24) and miR-10a/b, which induce neuroblastoma cell differentiation (25) . On the other hand, the miR-17-5p-92 polycistronic cluster acts in an oncogenic fashion by targeting multiple members of the TGF-b canonical signaling pathway, including TGFBR2, SMAD2, SMAD4 and p21 (26, 27) . MiR-335 suppresses gastric cancer cell invasion and metastasis through directly targeting the specificity protein 1 (SP1) and Bcl-w (BCL2L2) mRNA transcripts (28) . SP1 and Bcl-w form part of the PI3K/AKT pathway involved with TGF-b non-canonical signaling. The role of miR-335 in neuroblastoma has thus far never been investigated.
Here, we demonstrate that miR-335 regulation of TGF-b noncanonical signaling is substantially more pervasive than originally realized. In addition to targeting SP1 in the PI3K/AKT pathway, as previously demonstrated for gastric cancer, we have determined that miR-335 targets gene transcripts from the other two independent TGF-b non-canonical pathways, MAPK1 and Rho-like guanosine triphosphatase (ROCK1). MiR-335 targeting leads to a significant decrease in phosphorylation signaling within the respective pathways which culminates in inactivation of the motor protein myosin light chain (MLC) and therefore a decrease in the migratory and invasive potential of neuroblastoma cells. Additionally, we demonstrate that miR-335 targets the leucine-rich alpha-2-glycoprotein 1 mRNA transcript (LRG1), similarly leading to decreased migration and invasion of neuroblastoma cells by reducing the phosphorylation status of MLC thereby contributing to accumulating evidence of a possible involvement of LRG1 in TGF-b signaling. Finally, we demonstrate that miR-335 is directly repressed by the binding of MYCN to an upstream region of the miR-335 transcriptional start site, indicating a link between MYCN and the regulation of TGF-b signaling mediated through this miRNA. Thus, MYCN promotes disease progression by directly repressing miR-335, preventing this miRNA from targeting and post-transcriptionally inhibiting multiple genes, which promote cell migration and invasion.
Materials and methods
Cell lines and culture conditions SK-N-AS and Kelly cell lines were purchased from the European Collection of Animal Cell Cultures. CHP-212 cells were purchased from the American Type Culture Collection. The MYCN repressible SHEP-TET21N cell line was obtained from Dr Louis Chesler and was treated with 100 ng/ml doxycycline to repress MYCN expression. All cell lines were validated for the presence of previously published genomic imbalances using array comparative genomic hybridization. Culture media was supplemented with 10% fetal bovine serum. For TGF-b stimulation studies, cells were starved overnight in 1% fetal bovine serum prior to stimulation with 5 ng/ml TGF-b (resuspended in 5 mM HCl) (AMS Biotechnology, Oxfordshire, UK) or 5 mM HCl (control cells).
Neuroblastoma tumors
MiR-335 expression profiling data was obtained from three published studies, which used the same TaqMan quantitative PCR (qPCR) platform (29) (30) (31) .
Transfection procedures
MiRNA precursors, inhibitors and scrambled oligonucleotide controls (Ambion, Austin, TX and Exiqon, Copenhagen, Denmark) were transiently transfected into cells at a final concentration of 30 nM by reverse transfection using siPORT NeoFX reagent (Ambion). siGENOME smart pool small interfering RNAs (siRNAs) and negative controls (Dharmacon, Chicago, IL) were transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) at a final concentration of 30 nM. ROCK1 expression vector, pCAG-myc-p160ROCK, was received as a gift from Dr Shuh Narumiya (Kyoto, Japan) (32) . Two micrograms of expression plasmid or empty vector were transfected into Kelly cells using Lipofectamine 2000 (Invitrogen).
Quantitative real-time reverse transcription-PCR MiRNA or total RNA was extracted from cells using either the miRNeasy Mini Kit or RNeasy Mini Kit (Qiagen, Crawley, UK). The expression of miR-335, ROCK1, MAPK1 and LRG1 was measured by TaqMan assays (Applied Biosystems, Foster City, CA). MiRNA and gene expression were normalized using endogenous RNU48 and 18S controls, respectively. For miR-335, expression levels of mature miRNA were quantified. See also Supplementary Methods, available at Carcinogenesis Online.
Microarray analysis
Kelly cells were transfected with either Pre-miR-335 or scrambled oligonucleotide and total RNA was extracted 48 h post-transfection. Array profiling began with initial creation and amplification of complementary DNA from total RNA using the WT-Ovation Pico RNA Amplification System (NuGEN, San Carlos, CA). Subsequent Cy 3 -labeling of complementary DNA using the NimbleGen One-Color DNA Labeling Kit was followed by hybridization to a 4 Â 72 K human gene expression array (Roche NimbleGen, Madison, WI). Data analysis was performed using Roche NimbleScan software. The expression data was normalized using the Robust Multichip Average algorithm as described by Irizarry et al. (33) using quantile normalization as described previously (34) . A 2-fold downregulation of genes compared with scrambled control was used as the threshold for the identification of potential miR-335 target genes. Potential target genes were subsequently cross-referenced against the TargetScan prediction algorithm (www.targetscan.org). Microarray data has been deposited at http://www.ebi.ac.uk/miamexpress/login.html (accession: E-MEXP-3274).
Cell migration and invasion assays
Cells transfected with miR-335 mimics, miR-335 inhibitor or a scrambled oligonucleotide were transferred into 8 lm pore size transwell inserts (BD Biosciences, San Jose, CA) or Matrigel Invasion Chambers (Invitrogen) 48 h post-transfection. For myosin inhibitor studies, cells were treated for 24 h with 10 lM blebbistatin (resuspended in dimethyl sulfoxide) (Tocris Bioscience, Bristol, UK) or dimethyl sulfoxide (control cells) and then transferred to migration and invasion chambers in blebbistatin or dimethyl sulfoxide. For TGF-b stimulation studies, cells were seeded into migration or invasion chambers for 24 h in either 5 ng/ml TGF-b or 5 mM HCl (control). Cells were seeded at a density of 2.5 Â 10 4 for migration assays and 5 Â 10 4 for invasion assays. Cells were suspended in serum-free media while media containing 10% fetal bovine serum was added to the lower chamber of the inserts. Inserts were subsequently incubated at 37°C for 24 h. Migratory or invasive cells were fixed using methanol, stained using 0.5% crystal violet and counted directly by light microscopy.
Significance testing
An unpaired Student's t-test was used to determine statistical significance in all functional assays and densitometric analyses of western blot assays.
Cell proliferation assay Proliferation rates of transfected cells were measured every 24 h over a 96 h period using the Cell Titre 96 Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI). Proliferation rates of Pre-miR-335-and miR-335 inhibitor-transfected cells were compared with scrambled oligonucleotidetransfected cells. siKinesin (Ambion) was used as a positive control for reduced cell proliferation.
Western blot analyses
Total protein was extracted from cells using RIPA lysis and extraction buffer (Fisher Scientific, Hudson, NH). Primary antibodies for ROCK1, MAPK1, MLC, pMLC and pMAPK1 (Cell Signalling Technology, Beverly, MA) were diluted 1:1000 in 5% bovine serum albumin in 1Â Tris-buffered saline 0.1% Tween. LRG1 (Abnova, Taipei City, Taiwan) and a-tubulin (Abcam, Cambrdige, MA) were diluted 1:1000 in 5% milk 1Â Tris-buffered saline 0.1% Tween followed by anti-rabbit or anti-mouse IgG horseradish peroxidase-conjugated secondary antibodies (Abcam). Densitometry was performed using GelEVal 1.22.
Immunofluorescence MiR-335-, miR-335 inhibitor-or scrambled control-transfected Kelly cells were grown on glass coverslips for 48 h. Cells were then washed with phosphatebuffered saline and fixed using ice-cold 100% methanol. Cells were permeabilized using Triton-X 100 and blocked with 10% goat serum. Primary anti-ROCK1 antibody (1:300; Abnova) was incubated for 1 h at room temperature in a humidified chamber followed by incubation with secondary AlexaFluora 594 goat anti-rabbit antibody (1:500; Invitrogen). Cells were counter stained and mounted using Vectashield mounting medium containing 4#,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA). For actin cytoskeleton staining, cells were stained using the Actin Cytoskeleton and Focal Adhesion Staining Kit (Millipore, Billerica, MA) as per manufacturer's instructions. Images were visualized using an LSM 700 confocal microscope (Zeiss, Jena, Germany).
MYCN chromatin immunoprecipitation and microarrays
The details of the MYCN chromatin immunoprecipitation-chip experiments, along with validation of results, have been previously published (6) . Similarly, inhibition of endogenous miR-335 expression also had no significant impact on cell proliferation. However, ectopic overexpression of miR-335 significantly reduced cell migration across a non-matrigel membrane for all three cell lines relative to the scrambled control (Figure 1d ). Conversely, miR-335 inhibition significantly enhanced migration relative to the scrambled control (Figure 1d) . Similarly, ectopic overexpression of miR-335 significantly reduced the ability of CHP-212 and SK-N-AS cells to invade across a matrigel-coated membrane (Figure 1e) . A reduction in cell invasiveness was not statistically significant in Kelly cells, which already have a low baseline level of invasive potential, however, a significant enhancement of invasion was evident for Kelly and the other cell lines following
Results
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MiRNA-335 suppresses neuroblastoma cell invasiveness inhibition of endogenous miR-335 (Figure 1e. ). These results indicate that miR-335 is involved in regulating the migratory and invasive potential of neuroblastoma cells. Furthermore, this alteration in migration and invasion potential is independent of cell proliferation in our experiments.
Re-arrangements in the actin cytoskeleton provide the forces necessary for cancer cells to migrate and invade. Cell motion is defined by a complex and dynamic process, including actin stress fiber formation, contraction and membrane protrusion. In an effort to visualize any alteration in actin cytoskeleton dynamics that might accompany the observed changes in cell migration and invasion, SK-N-AS cells were stained with phalloidin and vinculin to visualize F-actin and focal adhesions, respectively. As illustrated in Figure 1f , cells transfected with miR-335 mimics displayed fewer and less intensely stained F-actin stress fibers and focal adhesions compared with scrambled controltransfected cells. This disorganization of the actin cytoskeleton is associated with the reduced migratory and invasive potential of the cells. In contrast, miR-335 inhibition induced a greater abundance of F-actin-rich filopodia protruding from the cell membrane compared with scrambled control-transfected cells. Abundant filopodia is a characteristic of highly invasive cancer cells and potentially contributes to the enhanced migratory and invasive potential of cells with reduced miR-335 expression.
Identification of miR-335 target genes
In order to identify potential miR-335 targets, microarray mRNA expression analysis was conducted on Kelly cells 48 h post-transfection with mature miR-335 mimics. A total of 252 genes were downregulated 2-fold or more across two biological replicates (Supplementary Table S1 is available at Carcinogenesis Online). Of these genes, 43 were computationally predicted targets for miR-335 as determined by the TargetScan miRNA prediction algorithm, representing a statistically significant enrichment for miR-335 target genes (P 5 0.0009). Analysis of the genes that were upregulated 2-fold or more in response to miR-335 upregulation revealed a statistically significant underrepresentation of miR-335 target genes (P 5 0.038). Of the 43 potential target genes identified, several are implicated in biological processes, such as cell motion, cell adhesion, angiogenesis and morphogenesis, which are relevant to the observed phenotypic effects of miR-335. Five potential target genes were selected for validation and further analysis: ASPH (aspartate beta-hydroxylase isoform a), ROCK1 (Rho-associated, coiled-coil containing protein), LRG1 (leucine-rich alpha-2-glycoprotein 1), MAPK1 and ETV1 (ets variant gene 1).
The downregulation of only three of these genes, ROCK1, MAPK1 and LRG1, following ectopic miR-335 upregulation, could be confirmed by real-time qPCR analysis. As illustrated in Figure 2a , ROCK1 and MAPK1 mRNA expression levels were significantly reduced 48 h post-transfection with miR-335 mimics in Kelly cells. LRG1 transcripts were undetectable in this cell line by reverse transcription-qPCR, however, significant reductions in mRNA transcripts for LRG1 and the other two genes (ROCK1 and MAPK1) were detected in CHP-212 cells within 48 h post-miR-335 transfection (Figure 2a) . A corresponding reduction in protein level was also detectable by western blot for LRG1, ROCK1 and MAPK1 in response to miR-335 upregulation in CHP-212 cells (Figure 2b) . Conversely, increased protein expression for the three genes was also demonstrated following transfection of cells with the miR-335 inhibitor (Supplementary Figure S2 is available at Carcinogenesis Online). In addition, miR-335 regulation of ROCK1 expression was also visualized by immunofluorescent staining of Kelly cells following transfection with miR-335 mimics, miR-335 inhibitor or a scrambled control. As indicated in Figure 2c , immunofluorescent staining of ROCK1 increased in Kelly cells transfected with miR-335 inhibitor and decreased in cells transfected with miR-335 mimics, relative to the scrambled control. A significant reduction in luciferase activity was measured for each of the wild-type miR-335 binding sites for each of the three genes compared with the mutated binding sites, normalized against scrambled control. The miRNA:mRNA base pairing for each gene is also illustrated.
Ã P , 0.05, Ã Ã P , 0.005.
MiRNA-335 suppresses neuroblastoma cell invasiveness
To determine if miR-335 directly targets the 3#UTRs of ROCK1, MAPK1 and LRG1, luciferase reporter plasmids were constructed containing the miR-335 binding sites located within the 3#UTR for each of the genes (Supplementary Figure S3 is available at Carcinogenesis Online). Using the TargetScan database, single miR-335 binding sites were found within the 3#UTRs of ROCK1 and LRG1. Cotransfection of the reporter construct containing the wild-type binding sequence with mature miR-335 mimics resulted in a significant reduction in luciferase activity for ROCK1 and LRG1 (Figure 2d ) in CHP-212 cells. In both cases, this effect was abrogated by a mutated target sequence, thereby confirming that ROCK1 and LRG1 are direct targets of miR-335. In the case of MAPK1, two miR-335 binding sites were predicted within its 3#UTR. The two binding sites are situated $1600 bp apart and therefore, a wild-type and mutant reporter construct was designed for each individual binding site (Supplementary Figure S3 is available at Carcinogenesis Online). Confirmation that MAPK1 is a direct target of miR-335 was provided by a significant reduction in luciferase activity for each wild-type binding site, which was abrogated by the mutated binding sites (Figure 2d) . Therefore, ROCK1, MAPK1 and LRG1 are each direct targets of miR-335.
SiRNA-mediated inhibition of ROCK1, MAPK1 and LRG1 recapitulates the functional effects associated with miR-335 upregulation If miR-335 was regulating the cell invasive phenotype through targeting of ROCK1, MAPK1 and/or LRG1 mRNA transcripts, we reasoned that siRNA-mediated knockdown of these transcripts, either individually or collectively, should result in a decrease in cell invasion, similar to that observed following miR-335 overexpression. SiRNA-mediated knockdown of each of the genes was individually carried out, reducing mRNA levels by 50-90% in SK-N-AS cells and by 40-70% in CHP-212 cells, as determined by qPCR analysis of RNA isolated 48 h post-transfection (Figure 3a) . A significant reduction in protein levels was validated by western blot analysis 72 h post-transfection (Figure 3b ). Migration and invasion assays for CHP-212 and SK-N-AS cells following siRNAmediated knockdown demonstrated a significant reduction in migration and invasion potential following independent knockdown of either ROCK1, MAPK1 and LRG1 expression (Figure 3c ). Proliferation assays indicated that siRNA-mediated knockdown of the three genes had no impact on the rate of cell proliferation (Figure 3d) . Therefore, independent knockdown of each of these three genes is capable of recapitulating the diminished cell migration and invasion observed upon upregulation of miR-335.
From the above described siRNA knockdown experiments, it is clear that the pleiotropic nature of miR-335, targeting multiple genes, does not easily allow for simple phenotypic rescue experiments to be performed. Nevertheless, we decided to determine if ectopic overexpression for one of the miR-335 target genes, ROCK1, would result in enhanced migration and invasion of neuroblastoma cells, providing further validation of our siRNA findings. A ROCK1 expression plasmid (pCAG-myc-p160ROCK) was transfected into Kelly cells, leading to $4-fold increased expression at mRNA level and at protein level (Supplementary Figure S4a Figure S4d is available at Carcinogenesis Online). Thus, the enhancement in migration and invasion that occurs following ROCK1 ectopic overexpression is consistent with the phenotypic effect following inhibition of endogenous miR-335.
MiR-335 regulation of TGF-b signaling ROCK1 and MAPK1 form two independent branches of the non-canonical TGF-b signaling pathway that function to control cell migration (12) . LRG1, although suspected of being involved with TGF-b signaling (35) , has never been definitively placed in the pathway. The ROCK1 and MAPK1 signaling pathways converge to tightly regulate MLC phosphorylation or activation status, as illustrated in Figure 4 . ROCK1 phosphorylates MLC at serine 19 (32) ; similarly MAPK1 phosphorylates MLC kinase, which in turn also phosphorylates serine 19 of MLC (36) . Therefore, using a phospho-antibody specific to serine 19 of MLC, we demonstrate that transfection of CHP-212 neuroblastoma cells with miR-335 results in decreased levels of phosphorylated MLC protein (Figure 5a ). Conversely, transfection with a miR-335 inhibitor resulted in increased levels of phosphorylated MLC protein, as analyzed by western blot 72 h post-transfection (Figure 5a) . Furthermore, we demonstrate that miR-335 regulation of MLC phosphorylation manifests through direct targeting of ROCK1, MAPK1 and LRG1. Indeed, independent siRNA-mediated knockdown of each of these three genes induces a significant reduction in the phosphorylation status of MLC, also analyzed by western blot 72 h post-transfection (Figure 5b) . MLC regulates the actin-binding activity of myosin and therefore the motile capacity of the cell (37) . To confirm that MLC is the downstream target through which miR-335 ultimately influences cell motility in neuroblastoma cells, we demonstrate that the inhibitor of myosin activity, blebbistatin (38) (39) (40) , significantly diminished neuroblastoma cell migration ( Figure 5c ) and invasion ( Figure 5d ). To demonstrate that the effect of miR-335 on migration and invasion is through TGF-b signaling, CHP-212 neuroblastoma cells were stimulated with TGF-b growth factor for 24 h in migration and invasion chambers. TGF-b-stimulated cells demonstrated significantly enhanced migratory (Figure 5e ) and invasive (Figure 5f ) capabilities compared with control cells. CHP-212 neuroblastoma cells stimulated with TGF-b had increased levels of phosphorylated MAPK1 (Figure 5g ) and MLC proteins (Figure 5h ) at 30 min and 24 h, respectively. The unavailability of a phospho-antibody for ROCK1 precluded the assessment of pROCK1 levels. These findings lead us to conclude that miR-335 regulates neuroblastoma cell migration and invasion by targeting the non-canonical branches of the TGF-b signaling pathway, which ultimately converge to tightly regulate MLC phosphorylation status. This is also the first report of a link between LRG1 and MLC, indicating that LRG1 also influences cell migration and invasion by altering the phosphorylation status of MLC, presumably by exerting its effect upstream of ROCK1 and MAPK1. (Figure 6a) . Western blot analysis of SHEP-TET21N cells in the MYCN high and low expression states, corresponding to low and high miR-335 expression, respectively, revealed decreased levels of ROCK1, MAPK1 and LRG1 protein in cells with increased miR-335 activity (Figure 6b ), consistent with their 3#UTRs being valid targets of this miRNA. Statistically significant differences in protein expression are illustrated in Figure 6c as determined by densitometric analyses.
To determine if miR-335 might be directly repressed by MYCN binding, we analyzed a previously published data set (6) of MYCN binding sites identified by chromatin immunoprecipitates applied to a custom tiling array containing 558 miRNA regions. Significant MYCN binding to a region $500 bp upstream of a predicted miR-335 transcriptional start site [based on the presence of a H3K4me3 mark (42)] was detected on the arrays (Figure 6d) . MYCN binding at this site was abrogated in cells with low MYCN expression (i.e. treated with doxycycline). Notably, the MYCN binding site contained a non-canonical binding motif (CAGGTG), which has been demonstrated to bind MYCN (43) .
Discussion
We have identified the ROCK1, MAPK1 and LRG1 gene transcripts as direct targets of miR-335 and have demonstrated that siRNA-mediated inhibition of each of these genes significantly reduces the migratory and invasive potential of neuroblastoma cells in vitro. ROCK1 and MAPK1 are members of two major branches of the TGF-b non-canonical signaling pathway (Figure 4 ). TGF-b signaling plays a fundamental role in the regulation of actin cytoskeleton dynamics during tumorigeneis, particularly during tumor progression and the development of metastases (11) . The oncogenic functions of TGF-b signaling comprise three major branches of the non-canonical signaling pathway, the RhoA-ROCK1, extracellular signal-regulated kinase-MAPK and the PI3K/AKT pathways (12) .
ROCK1 is a serine/threonine kinase that belongs to the Rho family of guanosine triphosphatase proteins that facilitate the reorganization of the actin cytoskeleton, a pivotal event during cell motion and invasion (44) . Specifically, ROCK1 mediates stress fiber formation and actomyosin contractility by phosphorylation of MLC (32) . The role of ROCK1 in tumor cell migration and invasion has been extensively studied and elevated ROCK1 expression has been associated with metastasis in many cancer types (32, 45, 46) . Our study demonstrates that ROCK1 plays an important role in mediating migration and invasion in neuroblastoma.
MAPK1 is also a serine/threonine kinase and is a member of the MAPK family. A crucial role for MAPK signaling in the migration of many cancer cell types has been revealed in recent years (47) . Among the downstream effectors of MAPK1 is MLC kinase, which phosphorylates MLC. By phosphorylation of MLC, MAPK1 stimulates focal adhesion turnover and actomyosin rearrangement (36) . It appears that miR-335 functions to control neuroblastoma cell migration and invasion by the direct targeting of two genes involved in independent signaling pathways that converge on a common effector molecule, MiRNA-335 suppresses neuroblastoma cell invasiveness MLC, to tightly regulate control of actin cytoskeleton rearrangement (Figure 4 ). The diversity of MLC protein regulation is reflected by the temporal and spatial specificity of its different regulators, which facilitates localized contractility within the cell. Indeed, it has been demonstrated that MLC kinase and ROCK1 phosphorylate MLC at the cell periphery and cell centre, respectively (48) .
Our study demonstrates that miR-335 also directly targets LRG1. Intriguingly, LRG1 is coordinately expressed with TGF-bRII, and it has been suggested that these two proteins could possibly interact, potentially connecting this gene to TGF-b signaling (35) . Our finding that siRNA-mediated inhibition of LRG1 results in reduced levels of phosphorylated MLC protein further implicates LRG1 in TGF-b non-canonical signaling. Moreover, our study provides the first experimental confirmation for a direct role of LRG1 in cancer cell migration and invasion. LRG1 is a serum glycoprotein that has recently emerged as a gene of potential importance in cancer. Expression of LRG1 has been demonstrated to be upregulated in lung cancer, pancreatic cancer and ovarian cancer (49-51). LRG1 has previously been predicted to play a role in cell adhesion and migration given the leucine-rich repeat structure of the protein (52, 53) , its overexpression in high endothelial venules and its potential ability to bind extracellular matrix proteins (54) .
A recent study in gastric cancer also demonstrated that miR-335 suppresses cell migration and invasion. Intriguingly, the target genes identified in this study are two members of the PI3K/AKT pathway, Bcl-w and SP1. The PI3K pathway is the third branch of the non-canonical TGF-b pathway, lending further evidence to the regulation of cancer cell migration and invasion by miR-335 through regulation of the non-canonical TGF-b pathway (Figure 4) . Indeed, we have demonstrated that TGF-b stimulation of the neuroblastoma cells used in this study induces a significant enhancement of the cells migratory and invasive potential. Furthermore, we demonstrate that this enhancement in TGF-b-stimulated migratory potential is accompanied by an increase in the phosphorylated level of MLC.
Our study also demonstrates that miR-335 expression is repressed in MNA tumors, presumably as a consequence of direct MYCN 1 and 2) . The third and fifth panels display the raw log 2 ratios for MYCN in chromatin immunoprecipitation experiments from untreated (high MYCN expression) and doxycycline-treated (low MYCN expression) SHEP-TET21 cells, respectively. Peaks which are high confidence binding sites with a false discovery rate score of ,0.05 are displayed as red (panels 4 and 6). Arrows point to a peak in the high MYCNexpressing cells that is lost in the low expressing state. Panels 7 and 8 show predicted potential miR-335 transcriptional start sites and positions of CpG islands, respectively.
MiRNA-335 suppresses neuroblastoma cell invasiveness binding to an upstream region of the predicted miR-335 transcriptional start site. Other unfavorable neuroblastoma tumor subtypes that have single copy MYCN status and loss of chromosome 11q material apparently tolerate higher levels of miR-335 transcripts than MNA tumors. Nevertheless, our experimental results on SK-N-AS, derived from a non-MNA 11q tumor, indicate that miR-335 also negatively impacts migration and invasion when levels are ectopically increased. Thus, miR-335 would appear to suppress migration and invasion potential in more than one genetic subtype of neuroblastoma. miR-335 can therefore be added to a growing list of miRNAs which have antitumorigenic effects on neuroblastoma cells (18, (21) (22) (23) (24) (25) 55, 56) .
Accumulating evidence now indicates that miR-335 plays a significant role in suppressing cell migration, invasion and metastasis in various cancer cell types by directly targeting a plethora of genes that modulate the cellular migratory machinery, including the aforementioned Bcl-w (BCL2L2) and SP1 genes in gastric cancer (28) , tenacin c and SOX4 in breast cancer (57) and LRG1, ROCK1 and MAPK1, as reported here. Several of the target genes identified in this study and by Xu et al. (28) highlight significant regulation of the non-canonical TGF-beta pathway by miR-335. MiR-335 modulates cancer cell migration, invasion and metastasis by targeting all three branches of this oncogenic pathway and is clearly a master regulator of these processes in multiple forms of cancer.
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